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Atomic and electronic structures of I-V-VI2 (I ¼ Na, K, Ag, Cu, Au; V ¼ As, Sb, Bi; VI ¼ S, Se, Te) are studied
using ﬁrst-principles hybrid density functional calculations. We ﬁnd that the strong hybridization be-
tween the trivalent cation (As, Sb, and Bi) p states and the divalent anion (S, Se, and Te) p states tends to
introduce electronic states in the band gap or pseudogap region and drive the systems toward metal-
licity. The atomic ordering on the cation sublattice of the ternary chalcogenides, therefore, has a strong
impact on the energetics and the electronic structure in the neighborhood of the Fermi level as it de-
termines if a certain atomic conﬁguration is favorable to the highly directional cation peanion p inter-
action. Besides these p states, the s state (in the case of Na and K) or the s and d states (Ag, Cu, and Au) can
also play an important role in the band-gap formation. Our study suggests how to manipulate the
electronic structure of these ternary compounds such that they show desired features for different ap-
plications by modifying their atomic structure and/or by changing their constituent element(s).
© 2016 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Ternary chalcogenides I-V-VI2 have been studied in connection
with thermoelectric, optical phase-change, and photovoltaic ap-
plications [1e3]. Among the Ag-Sb-based materials, AgSbTe2, for
example, is not only a good thermoelectric [1,4,5] but also the end-
compound of a number of high-temperature high-performance
thermoelectrics [6e8]. The material has a very low lattice thermal
conductivity [1,4]. AgSbTe2 was synthesized as early as in the late
1950s and long thought to have a rocksalt structure with random
distribution of Ag and Sb ions on the face-centered cubic (fcc)
cation sublattice [9,10]. Experimental evidence of the Ag/Sb
ordering was conﬁrmed only quite recently [11]. Other I-V-VI2
compounds have also been synthesized and investigated
[9,10,12,13], yet the atomic orderings on the lattice of many of these
ternary compounds are still unknown or not well-deﬁned.
On the theory side, we reported in 2007 ﬁrst detailed studies of
the atomic and electronic structures of I-V-VI2 using ﬁrst-principles
density-functional theory (DFT) calculations [14,15]. Low-energy
ordered structures of AgSbTe2 and related compounds were
discovered using a heuristic approach based on the interplay).
onal University, Hanoi.
y Elsevier B.V. on behalf of Vietnambetween the atomic and electronic structures [14]. These ordered
structures were later conﬁrmed by Barabash et al. [16] in their ﬁrst-
principles cluster expansion study and eventually supported by
experimental observations [17,18]. Our early studies have also
provided a good understanding of the atomic vis-a-vis electronic
structures and the underlying physics of band-gap formation in the
ternary chalcogenides. In nearly a decade since the 2007 works,
there have been numerous ﬁrst-principles investigations of the I-V-
VI2 compounds reported by different research groups [19e30].
Most of the studies to date, however, were carried out using stan-
dard DFT calculations within the local-density (LDA) or
generalized-gradient (GGA) approximation that are known to often
underestimate the band gap of semiconductors.
We herein revisit a series of I-V-VI2 compounds (hereafter also
denoted as ABQ2; I ¼ A ¼ Na, K, Ag, Cu, Au; V ¼ B ¼ As, Sb, Bi;
VI ¼ Q ¼ S, Se, Te) through extensive ﬁrst-principles calculations
using a hybrid DFT/Hartree-Fock approach. In order to conserve
computing resources, we study these ternary chalcogenides mainly
in the rhombohedral structure AF-II (space group R3m), one of
several possible ordered structures discussed in Refs. [14] and [15];
see also Fig. 1. Our study of the atomic and electronic structures
begins with AgSbQ2 and then continues with other ABQ2 com-
pounds. The focus is on changes in the electronic structure as one
substitutes one constituent element in the compounds with
another.National University, Hanoi. This is an open access article under the CC BY license
Fig. 1. Different structural models for AgSbQ2 as described in Ref. [14]: (a) AF-I (space
group: P4/mmm), (b) AF-II (R3m), (c) AF-IIb (F3dm), and (d) AF-III (I41/amd). Large
spheres are for Ag and Sb, small spheres Q. The structures are named after the or-
derings of Ag and Sb ions, identiﬁed as up and down spins on the fcc cation sublattice
[31,14], using the standard nomenclature of antiferromagnetic (AF) orderings [32].
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Our calculations for the structural and electronic properties of
ABQ2 compounds were based on DFT, using the Heyd-Scuseria-
Ernzerhof (HSE06) screened hybrid functional [33,34], the projec-
tor augmented wave method [35,36], and a plane-wave basis set, as
implemented in the Vienna Ab Initio Simulation Package (VASP)
[37e39]. In these HSE06 calculations, we set the Hartree-Fock
mixing parameter and the screening length to the standard
values of 0.25 and 10 Å, respectively. The plane-wave basis-set
cutoff was set to 300 eV, and a 5 5  5 k-point mesh was used for
the rhombohedral structure (4 atoms per primitive cell). Conver-
gence with respect to self-consistent iterations was assumed when
the total energy difference between cycles was less than 104 eV
and the residual forces were less than 0.01 eV/Å. Scalar relativistic
effects (mass-velocity and Darwin terms) and spin-orbit coupling
(SOC) were included, except in the structural optimization where
only the scalar relativistic effects were taken into account. The in-
clusion of SOC had been shown not to have signiﬁcant inﬂuence on
the structural properties [40].Table 1
Lattice parameters of AgSbQ2 (Q ¼ Te, Se, S) in the rhombohedral AF-II structure,
given in the hexagonal representation.
Compound Lattice parameters (Å)
AgSbTe2 PBE a ¼ 4.3842, c ¼ 21.0118 Ref. [14]
HSE06 a ¼ 4.3446, c ¼ 20.8042 This work
Expt. a ¼ 4.2898(6), c ¼ 21.016(4) Ref. [11]
AgSbSe2 PBE a ¼ 4.1256, c ¼ 19.9373 Ref. [15]
HSE06 a ¼ 4.0883, c ¼ 19.7053 This work
AgSbS2 PBE a ¼ 3.9641, c ¼ 19.1091 Ref. [15]
HSE06 a ¼ 3.9359, c ¼ 18.9360 This work3. Ag-Sb-based ternary chalcogenides
3.1. Atomic structure
It was initially reported, based on X-ray diffraction (XRD) mea-
surements, that Ag and Sb were disordered on the cation sublattice
of the NaCl-type structure of AgSbQ2 [10]. Quarez et al. [11] in later
XRD studies of single-crystal AgSbTe2, however, showed evidence
of Ag/Sb order in diffraction reﬁnement using space groups Pm3m,
P4/mmm, and R3m. On the theory side, we found a body-centered
tetragonal structure with the space group I41/amd in Monte Carlo
simulations of AgSbTe2 using a Coulomb lattice gas (ionic) model
[31]. Other structures were also examined using DFT calculations,and low-energy ordered structures were searched for using a
heuristic approach based on the interplay of the atomic and elec-
tronic structures [14]. Most signiﬁcantly, we discovered a new or-
dered structure of AgSbTe2, a cubic superstructure with the space
group F3dm [denoted as AF-IIb; see Fig. 1 (c)], to be the lowest-
energy structure [14]. AF-IIb is even lower in energy than the
rhombohedral R3m structure [denoted as AF-II; see Fig. 1(b)] that
had been used in the XRD reﬁnement [11]; the total-energy dif-
ference is 74 meV per formula unit (f.u.) in HSE06 þ SOC calcula-
tions. AF-II and AF-IIb, also known as trigonal “L11” and cubic “D4”,
respectively, in the literature, were later conﬁrmed as the lowest-
energy structures in a more comprehensive ﬁrst-principles study
by Barabash et al. [16] using a multicomponent cluster expansion
approach. These two structures were also found to be compatible
with observations from recent synchrotron X-ray diffuse scattering
studies [18]. Results from the valence-band structure measure-
ments carried out by Jovovic and Heremans [17] on high-quality
crystals of AgSbTe2 were consistent with the band structure
calculated using the AF-IIb structure [14,15].
Fig. 1 shows four representative ordered structures of AgSbQ2 as
described in Ref. [14]; these are AF-I, AF-II, AF-IIb, and AF-III. The
AF-II and AF-IIb structures were found to be degenerate in energy
in the case of AgSbSe2 and AgSbS2, in DFT calculations within GGA
parameterized by Perdew, Burke, and Ernzerhof (PBE) [42]. As
discussed in detail in Ref. [14], the strong and directional interac-
tion between the trivalent cation (Sb) p states and the divalent
anion (S, Se, and Te) p states tends to introduce electronic states in
the band gap region and drive the systems toward metallicity. The
physical reason why AF-IIb (and AF-II) has a lower energy than all
other structures is the presence of Ag in the SbeQeSb… chains. It
was found that the Ag in the chains strongly perturbs the hybrid-
ized Sb and Q p-bands, suppressing the electronic states coming
from Sb and Q p states near the Fermi level or in the band gap re-
gion and resulting in a transfer of the electronic states to lower
energies. The atomic ordering on the cation sublattice thus has a
strong impact on the energetics of the ternaries and the electronic
structure in the neighborhood of the Fermi level as it determines if
a certain atomic conﬁguration is favorable to the cation peanion p
interaction. It is noted that the highly directional cation peanion p
interaction has also been observed to play an important role in the
energetics and the electronic structure of other narrow gap semi-
conductors such as thallium-based III-V-VI2 ternary chalcogenides
[43]. We summarize in Table 1 the structural properties of AgSbQ2,
focusing only on the simpler, rhombohedral AF-II structure. Our
previous PBE results are also included for comparison. The calcu-
lated lattice constants of AgSbTe2 are found to be in good agree-
ment with the experimental values.3.2. Electronic structure
Fig. 2 shows the total and projected density of states (DOS) of
AgSbTe2 in the AF-II structure. In the region near the Fermi level (at
Fig. 2. Total and projected density of states (DOS) of rhombohedral AgSbTe2 obtained
in HSE06 calculations; f.u. ¼ formula unit. The zero of energy is set to the highest
occupied state.
Table 2
Lattice parameters of several ABQ2 compounds (A ¼ Na, K, Ag, Au; B ¼ As, Sb, Bi;
Q ¼ Te, Se) in the rhombohedral AF-II structure, given in the hexagonal
representation.
Compound Lattice parameters (Å)
NaSbTe2 PBE a ¼ 4.3896, c ¼ 22.4228 Ref. [15]
HSE06 a ¼ 4.3848, c ¼ 22.4812 This work
KSbTe2 PBE a ¼ 4.4250, c ¼ 24.6304 Ref. [15]
HSE06 a ¼ 4.4728, c ¼ 24.8879 This work
CuSbTe2 HSE06 a ¼ 4.2165, c ¼ 20.0882 This work
AuSbTe2 HSE06 a ¼ 4.3012, c ¼ 20.2161 This work
AgAsTe2 PBE a ¼ 4.1955, c ¼ 20.4147 Ref. [15]
HSE06 a ¼ 4.1590, c ¼ 20.5632 This work
AgBiTe2 PBE a ¼ 4.4654, c ¼ 21.3798 Ref. [15]
HSE06 a ¼ 4.4063, c ¼ 21.0505 This work
Expt. a ¼ 4.37(2), c ¼ 20.76(5) Ref. [10]
AgBiSe2 HSE06 a ¼ 4.1649, c ¼ 19.8209 This work
Expt. A ¼ 4.184, c ¼ 19.87 Ref. [47]
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some contributions from Ag d and Sb s states. The bottom of the
conduction band is, on the other hand, predominantly Sb p states
and some contributions from Ag s and Te s states. There is no real
gap in the DOS but a pseudogap. The features in the electronic
structure of AgSbQ2 in the pseudogap region are shown more
clearly in the band structure in Fig. 3.
The band structure of rhombohedral AgSbTe2 indicates that the
compound is a semimetal with an indirect band gap of
about 0.3 eV calculated within HSE06 calculations, or can be
regarded as a negative-gap semiconductor; see Fig. 3. The top of the
valence band is Te peSb p derived, and the valence-bandmaximum
(VBM) locates in the GX line. The conduction-band minimum
(CBM) locates near the B point and along the BG line with the
dispersive conduction band coming across the Fermi level. This
band and a similar band at the L point can be, for simplicity,
referred to as the “Ag s band” as discussed in Ref. [14]; they are
derived from the Ag s state that strongly hybridizes with the Sb p
states, as can also be seen in Fig. 2 in the energy range from 0 to
1.5 eV.
In going from AgSbTe2 to AgSbSe2 and AgSbS2, the relative
separation between the “Ag s bands” at the L point and near the B
point and the valence band increases and the latter two compounds
become semiconductors with indirect band gaps of 0.21 and
0.57 eV within HSE06, respectively; see Fig. 3. For comparison, the
band gap values were found to be about 0 and 0.1 eV for the sele-
nide and sulﬁde, respectively, within PBE calculations [15]. The
CBM of rhombohedral AgSbSe2 and AgSbS2 is now at the Z point
where the conduction-band extremum is Sb peTe p derived. The
separation between the conduction-band bottom (predominantlyFig. 3. Band structures of AgSbTe2, AgSbSe2, and AgSbS2 in the rhombohedral AF-II structureSb p states) and the valence-band top (predominantly chalcogen p
states) increases in going from Te and Se to S, which is consistent
with the trend in the relative positions between the p levels of Sb
and the chalcogens in the Harrison's Solid-State Table [44].
4. Other I-V-VI2 ternary chalcogenides
4.1. Atomic structure
NaSbSe2, NaSbTe2, and NaBiTe2 were reported to have the NaCl-
type structure with the lattice constant a ¼ 5.966(2), 6.317(2), and
6.366(3) Å, respectively; NaAsSe2, on the other hand, crystallized in
an orthorhombic (Pbca) structure with a ¼ 5.83 ± 0.01,
b ¼ 24.27 ± 0.05, and c ¼ 11.82 ± 0.02 Å [12]. To our knowledge,
there has been no reported information about KSbTe2, although the
structural properties of the other K-based ternary chalcogenides
are available in the literature; e.g., KAsSe2 crystallizes in a mono-
clinic (Cc) structure [45] and KSbSe2 can be described by the space
group C2/m [46]. Information about the atomic ordering on the
cation sublattice in these compounds is still lacking. As regards
AgBiQ2, the compounds were reported to possess a statistically
disordered NaCl-type structure at high temperatures and a rhom-
bohedral structure at room temperature [10].
Among the structural models AF-I, AF-II, AF-IIb, and AF-III as
presented in Fig. 1, NaSbTe2 and KSbTe2 were found to have the
lowest energy in theAF-II structure;whereas inAgAsTe2 andAgBiTe2
AF-II andAF-IIbwere found to be almost degenerate in energy in PBE
calculations [15]. There appears to be a tendency for the ASbTe2
compounds to adopt the rhombohedral structurewhen one replaces. The symmetry lines in the rhombohedral Brillouin zone are chosen following Ref. [41].
Fig. 4. Total and projected DOS of rhombohedral NaSbTe2. The zero of energy is set to
the highest occupied state.
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noted that the search for low-energy structures of these ABQ2 com-
pounds in Ref. [15] was not exhaustive. Indeed, we ﬁnd that the
hexagonal (P3m1) structure [48] is lower in energy than the AF-II
structure in AgBiQ2; the energy difference is 70 meV/f.u. (Q ¼ Te)
or 49meV/f.u. (Se) inHSE06þ SOC calculations. InTable 2,we list the
lattice parameters of a number of ABQ2 compounds only in the AF-II
structure; the lattice parameters for rhombohedral AgBiQ2 are in
good agreement with the experimental values. We will look further
into these compounds and see how the electronic structure changes
when one replaces one constituent element with another while
keeping theatomic structureﬁxedat a certain ordering type (e.g., AF-
II). In the previous section, we have analyzed the changes as one
variesQ in theAgSbQ2 series;wenowkeepQﬁxed atQ¼ Te andvary
either A (Ag/ Na, K, Cu, Au) or B (Sb/ As, Bi) in ABQ2.4.2. Electronic structure
Fig. 4 shows the total and projected DOS of NaSbTe2 in the AF-II
structure. The top of the valence-band is predominantly Te p states;
there is also some contribution from the Sb s. The bottom of the
conduction band, on the other hand, consists of Sb p and some
contributions from Te s and Na s states. As discussed in detail in
Ref. [15], there are signiﬁcant changes in the electronic structure of
NaSbTe2 in going from the AF-I and AF-III structures to the AF-II and
AF-IIb structures; the interruption of SbeTe chains (present in AF-I
and AF-III) by Na (in AF-II and AF-IIb) cleans up completely the
electronic states just above the Fermi level and opens a rather large
gap. The calculated band structure of NaSbTe2 is shown in Fig. 5; the
HSE06 band gap is 0.96 eV and indirect. Because the energy level ofFig. 5. Band structures of NaSbTe2, KSbTe2, and CNa s is higher than that of Ag s [44], the CBM is no longer along the
BZ line like in AgSbTe2 but at Z. The VBM is, on the other hand,
now near the Z point. The electronic structure of KSbTe2 is very
similar to that of NaSbTe2 as seen in Fig. 5; the compound has an
indirect gap of 1.00 eV within HSE06.
One can also replace Ag in AgSbTe2 with Cu to manipulate the
top of the valence band through the Cu 3d states. The electronic
structure of CuSbTe2 in the as-yet hypothetical AF-II structure re-
sembles that of rhombohedral AgSbTe2, see Fig. 5. However, the
calculated band gap is more negative due to the increased DOS in
the pseudogap region. The difference is due to the Cu 4s level being
lower in energy compared to Ag 5s and the Cu 3d states being
higher in energy than the Ag 4d states. Experimentally, CuSbTe2
was reported to possess a Bi2 Te3-like hexagonal structure with
a¼ 4.22 Å and c¼ 29.9 Å (at 300 K) [49].We also examined AuSbTe2
in the hypothetical AF-II structure and ﬁnd that the pseudogap
feature is much less pronounced than in CuSbTe2 as the Au 5d states
are more extended toward the conduction band than the Cu 3d
states which pushes the chalcogen p states upwards and enhances
the DOS near the Fermi level. This material is a metal and thus not
likely to be a good thermoelectric.
Next we keep themonovalent and divalent atoms ﬁxed and vary
the trivalent atom, i.e., considering AgBTe2 as B goes from As to Sb
and Bi. Fig. 6 shows the calculated band structures of AgAsTe2 and
AgBiTe2 in the AF-II structure. Rhombohedral AgAsTe2 has a nega-
tive band gap of 0.43 eV within HSE06. In going from As to Bi, the
pseudogap gets deeper and a gap of 0.29 eV opens up in rhombo-
hedral AgBiTe2, as seen in Fig. 6.
Finally, we also investigated the electronic structure of rhom-
bohedral AgBiSe2; the result is shown in Fig. 6. Compared to
AgBiTe2, in addition the larger separation between the valence-
band top (predominantly Se p states) and the conduction-band
bottom (predominantly Bi p states), the “Ag s bands” at the L
point and near the B point are higher and the CBM changes from the
G point (in the telluride) to very close to the Z point (in the sele-
nide). The calculated band gap is 0.52 eV within HSE06. For com-
parison, the spectroscopically measured band gap was reported to
be about 0.6 eV for pristine AgBiSe2 [50].5. Summary
We have discussed the atomic and electronic structures of I-V-
VI2 ternary chalcogenides obtained in HSE06 hybrid functional
calculations. We ﬁnd that, in addition to the p states of the trivalent
cations (As, Sb, Bi) and divalent anions (S, Se, Te), the s state (in the
case of Na and K) or the s and d states (Ag, Cu, and Au) also play anuSbTe2 in the rhombohedral AF-II structure.
Fig. 6. Band structures of AgAsTe2, AgBiTe2, and AgBiSe2 in the rhombohedral AF-II structure.
K. Hoang, S.D. Mahanti / Journal of Science: Advanced Materials and Devices 1 (2016) 51e56 55important role in the band-gap formation. These states impact the
electronic structure near the band gap or pseudogap region
through strong hybridization with the p states of the trivalent
cations and divalent anions. The s state affects the electronic
structure near the conduction-band bottom, whereas the d states
affect the electronic structure near the valence-band top. Our study
suggests how to manipulate the electronic structure of I-V-VI2
ternaries such that they show desired features for different appli-
cations by modifying their atomic structure and/or by changing
their constituent element(s). The results obtained in these calcu-
lations can provide experimentalists with guidance as they search
for materials with certain properties and also to look at some of the
promising materials more carefully. Finally, we ﬁnd that hybrid
functional calculations provide an improved description of the
electronic structure of I-V-VI2 compounds, especially the band gap
value, over standard DFT calculations within GGA.
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